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Introduction 
The rapidly growing interest in (BiFeO3)x-(BaTiO3)1–x 
solid solutions is caused by their multiferroic prop-
erties, that is, coexistence of both the electric and 
magnetic ordering. It creates possibility for many 
innovative applications, for example, in steering the 
magnetic memory by electric fi eld and vice versa. 
In (BiFeO3)x-(BaTiO3)1–x solid solutions the room-
-temperature magnetoelectric coupling exhibit signifi -
cant magnitude in the narrow composition window 
(x = 0.71–0.80) where the crystalline structure is 
rhombohedral. As reported in [1], the maximum 
value of magnetoelectric voltage coeffi cient ME = 
0.87 mV·cm–1·Oe–1 was obtained for 0.725BiFeO3- 
-0.275BaTiO3 solid solution what provides a possibil-
ity of developing electrically or magnetically tunable 
thin-fi lm devices. Our latest investigations proved 
that initial electric poling of the samples allowed 
to enhancing magnetoelectric effect up to ME = 
1.53 mV·cm–1·Oe–1 for 0.7BiFeO3-0.3BaTiO3 sintered 
at 1153 K [2]. 
In spite of an intense effort directed at creat-
ing and probing BiFeO3-based solid solutions, 
a fundamental understanding of structure-property 
correlations in these systems is still lacking. Many 
parameters, like crystallite sizes, morphology, purity, 
and precise chemical composition may have the 
infl uence on the ferroic ordering and the associated 
magnetic response. The aim of the present work 
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Abstract. This paper presents the results of the study on structure and magnetic properties of the perovskite-type 
(BiFeO3)x-(BaTiO3)1−x solid solutions. The samples differing in the chemical composition (x = 0.9, 0.8, and 0.7) 
were produced according to the conventional solid-state sintering method from the mixture of powders. Moreover, 
three different variants of the fabrication process differing in the temperatures and soaking time were applied. 
The results of X-ray diffraction (XRD), Mössbauer spectroscopy (MS), and vibrating sample magnetometry 
(VSM) were collected and compared for the set of the investigated materials. The structural transformation 
from rhombohedral to cubic symmetry was observed for the samples with x = 0.7. With increasing of BaTiO3 
concentration Mössbauer spectra become broadened refl ecting various confi gurations of atoms around 57Fe 
probes. Moreover, gradual decreasing of the average hyperfi ne magnetic fi eld and macroscopic magnetization 
were observed with x decreasing. 
Key words: hyperfi ne interactions • magnetization • Mössbauer spectroscopy • multiferroics 
Brought to you by | Uniwersytet Slaski - University of Silesia - Silesian University
Authenticated
Download Date | 8/23/17 10:10 AM
82 K. Kowal et al.
is a deeper insight in the structure and magnetic 
behavior of the investigated materials as well as 
the hyperfi ne interactions of 57Fe nuclei located in 
(BiFeO3)x-(BaTiO3)1–x solid solutions. The materials 
were prepared by the conventional solid-state sinter-
ing method under various technological conditions. 
X-ray diffraction (XRD), 57Fe Mössbauer spectros-
copy (MS), and vibrating sample magnetometry 
(VSM) were applied as complementary methods to 
investigate the materials. 
Experimental details 
Three different variants of conventional solid-state 
sintering method differing in the applied tempera-
tures and soaking time have been used to prepare 
three series of (BiFeO3)x-(BaTiO3)1–x samples of 
various chemical compositions, that is, x = 0.7, 0.8, 
0.9. The investigated materials were obtained from 
precursor oxides Bi2O3, Fe2O3, TiO2, and barium car-
bonate (BaCO3) according to the following formula: 
(1)     (Bi2O3)x/2 + (Fe2O3)x/2 + (BaCO3)1–x 
 + (TiO2)1–x  (BiFeO3)x – (BaTiO3)1–x 
                       + (CO2)1–x 
The solid-state sintering method used in this 
experiment included double synthesis, fi nal sinter-
ing, and annealing in the air. The three-stage process 
of thermal treatment was applied to obtain better 
phase formation. After the first heat-treatment 
(synthesis I) the material was ground into powder 
and homogenized. Then the second heat-treatment 
process (synthesis II) was performed and the resul-
tant material was powdered and homogenized once 
again. Finally, the obtained ceramics was sintered. 
Technological parameters of the samples fabrication 
are presented in Table 1, the details of that process 
have been described elsewhere in [3, 4]. 
X-ray diffraction analysis was performed in order 
to examine the crystalline structure of as-prepared 
solid solutions. The measurements were carried out 
at room temperature by usage of Philips PW3710 
diffractometer with CoK radiation, operating in the 
Bragg–Brentano geometry in the range of 2 angle 
from 10° to 90° with a step of 2 equal to 0.008°. 
The obtained XRD patterns were analyzed with the 
help of X’Pert High Score Plus computer program. 
The hyperfi ne interactions of 57Fe located in 
(BiFeO3)x-(BaTiO3)1–x solid solutions were investi-
gated by application of the Mössbauer spectroscopy 
as a method complementary to XRD. The Möss-
bauer spectra were collected at room temperature 
in transmission geometry using a source of 57Co in 
a chromium matrix. The investigated solid solutions 
in tablets were crushed and powdered to prepare ab-
sorbers. The spectrometer was calibrated before each 
measurement using a 25-m-thick metallic iron foil. 
Magnetic measurements at room te mperature 
were performed on Vibrating Sample Magnetom-
eter device produced by Lake Shore (model 7440). 
Magnetic fi eld was produced by current in the elec-
tromagnetic coils and its value varied in the range 
of −1600÷1600 kA/m (−20÷20 kOe). The fi eld 
was changed continuously in the regime: 0 – Hmax – 
Hmin – Hmax – 0. Magnetic response of material was 
collected with an accuracy of 5 × 10−6 B/f.u. (Bohr 
magneton per formula unit). Mass of the sample was 
in the range of ten milligrams measured on precise 
balance with an accuracy of 0.1 mg. 
Results and discussion 
The crystalline structure of the (BiFeO3)x-(BaTiO3)1−x 
solid solutions was examined by powder XRD mea-
surements. In Fig. 1, XRD patterns are collected for 
each composition in dependence on the sintering 
temperature (i.e. for each variant of technological 
process). For 0.9BiFeO3-0.1BaTiO3 (Fig. 1a) and 
0.8BiFeO3-0.2BaTiO3 (Fig. 1b) solid solutions all 
diffraction lines can be indexed to the rhombohedral 
structure of BiFeO3 (space group R3c, card number 
ICSD 01-071-2494). In the case of 0.9BiFeO3-
-0.1BaTiO3 solid solution sintered at 1103 K small 
amount (about 6 wt%) of impurity by Bi2Fe4O9 com-
pound (space group Pbam, card number JCPDS 00-
-025-0090) was detected. For 0.7BiFeO3-0.3BaTiO3 
diffraction lines can be indexed to the cubic lattice 
of BaTiO3 (space group Pm3m, card number ICSD 
01-074-1961). However, the asymmetry of the lines 
corresponding to 2 about 67 degrees indicates 
coexistence of a small amount of the rhombohedral 
phase as well (Fig. 1d). The observed structural 
transformation from rhombohedral to cubic for x = 
0.7 has been reported many times in the literature 
[1, 5–7]. 
Room-temperature Mössbauer spectra for the in-
vestigated solid solutions are presented in Fig. 2. For 
each composition the spectra are six-line patterns 
and the doublet component with higher or smaller 
amplitude may be observed in the central part of 
the spectrum. The hyperfi ne interaction parameters 
of the quadrupolar component for 0.9BiFeO3-
-0.1BaTiO3 and 0.8BiFeO3-0.2BaTiO3 solid solutions 
are as follows: the isomer shift  = 0.26 mm· s1 and 
the quadrupole splitting  = 0.52÷0.74 mm·s1 (in 
dependence on the composition and sintering tem-
perature). In these two cases the doublet may be 
attributed to the paramagnetic Bi2Fe4O9 impurity 
phase, the obtained hyperfi ne interactions param-
eters are in good agreement with the literature data 
[8]. In the case of 0.7BiFeO3-0.3BaTiO3 solid solu-
Table 1. Technological parameters of the synthesis of (BiFeO3)x-(BaTiO3)1−x solid solutions [3] 
Methods Synthesis I Synthesis II Sintering Annealing
Variant I   1023 K/20 h   1023 K/20 h   1053 K/40 h 823 K/10 h
Variant II   1073 K/10 h   1073 K/10 h   1103 K/20 h 823 K/10 h
Variant III 1123 K/2 h 1123 K/2 h 1153 K/4 h 823 K/10 h
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Fig. 1. X-ray diffraction patterns of (BiFeO3)x-(BaTiO3)1−x 
solid solutions in dependence on sintering temperature; 
(a) x = 0.9, (b) x = 0.8, (c) x = 0.7, (d) x = 0.7 − ex-
panded view of XRD for selected values of 2. 
Fig. 2. Room-temperature Mössbauer spectra of 
(BiFeO3)x-(BaTiO3)1−x solid solutions in dependence on 
sintering temperature; (a) x = 0.9, (b) x = 0.8, (c) x = 0.7. 
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tion, the doublet with parameters  = 0.35 mm·s1 
and  = 0.52 mm·s1 may be connected with cubic 
phase. The obtained parameters are similar to those 
for 0.5BiFeO3-0.5BaTiO3 solid solution prepared by 
molten salt method (i.e.  = 0.31 mm·s1 and  = 
0.50 mm·s1) [7]. 
As the content of BaTiO3 increases, the spectra 
become broadened because of random distribution 
of Fe3+ ions which substitute Ti4+ ions within the 
structure of (BiFeO3)x-(BaTiO3)1−x solid solutions. 
The best numerical fi tting of the spectra was ob-
tained with applying a probability distribution of 
hyperfi ne magnetic fi eld (HMF) at 57Fe with the 
fi xed quadrupole doublet component. The HMF 
probability distributions for the studied solid solu-
tions are presented in Fig. 3. The values of hyper-
fi ne magnetic fi elds for 0.9BiFeO3-0.1BaTiO3 solid 
solution are in the range of 38–53 T and the most 
probable fi eld is about 48.0 T independently on the 
sintering temperature. In the case of 0.8BiFeO3-
-0.2BaTiO3 and 0.7BiFeO3-0.3BaTiO3 solid solution 
fi elds with lower values appear in the distributions 
(27–33 T). The most probable HMF is about 44.7 T 
for x = 0.8 for all the sintering temperatures. In the 
case of x = 0.7, the largest discrepancies in the HMF 
distributions may be observed. The average values 
of the hyperfi ne magnetic fi eld determined from the 
distributions are presented in Fig. 3. Independently 
on the sintering temperature the average HMF value 
decreases with increase of BaTiO3 concentration. 
Our results are in good agreement with the data 
reported for the (BiFeO3)x-(BaTiO3)1−x solid solu-
tions prepared by a molten salt method (i.e. <Bhf> 
= 47.7 T for x = 0.9, <Bhf> = 43.9 T for x = 0.8 
and <Bhf> = 40.6 T for x = 0.7) [7]. 
On the basis of XRD and MS results it may 
be stated that the structural transformation of 
(BiFeO3)x-(BaTiO3)1−x solid solutions is accompa-
nied by the change of magnetic order. Pure BiFeO3 
compound is both antiferromagnetic and ferroelec-
tric at room temperature. Adding of BaTiO3 destroy 
the spiral magnetic structure of the BiFeO3 leading 
to the release of the inherent magnetization of this 
canted antiferromagnet. In a consequence, the 
multiferroic properties of (BiFeO3)x-(BaTiO3)1−x 
solid solutions are improved and the linear mag-
netoelectric effect may be observed [9]. To in-
vestigate the macroscopic magnetic properties of 
(BiFeO3)x-(BaTiO3)1−x solid solutions room-temper-
ature magnetic measurements were performed using 
VSM. The obtained hysteresis loops are shown in 
Fig. 4 for the samples sintered at 1103 K. The largest 
magnetic response, that is, maximum magnetic mo-
ment max, was registered at the applied magnetic fi eld 
of 1600 kA/m. It may be observed that increasing the 
content of BaTiO3 caused a decreasing of max from 
about 7.9 × 10−2 B/f.u. (equivalent of saturation mag-
netization Ms  1.46 emu/g) for 0.9BiFeO3-0.1BaTiO3 
solid solution by 7.1 × 10−2 B/f.u. (Ms  1.34 emu/g)
for 0.8BiFeO3-0.2BaTiO3 down to 5.4 × 10−2 B/f.u. 
(Ms  1.04 emu/g) for 0.7BiFeO3-0.3BaTiO3, 
respectively. The obtained values are slightly dif-
ferent than those reported for nanostructural 
(BiFeO3)x-(BaTiO3)1−x solid solutions (Ms  
1.04 emu/g for x = 0.9, Ms  1.88 emu/g for x = 
0.8 and Ms  1.61 emu/g for x = 0.7) [7]; however, 
Fig. 3. Probability distribution for hyperfi ne magnetic 
fi eld at 57Fe nuclei located in (BiFeO3)x-(BaTiO3)1−x solid 
solutions in dependence on sintering temperature; (a) 
x = 0.9, (b) x = 0.8, (c) x = 0.7. 
Fig. 4.  Room-temperature hysteresis loops of 
(BiFeO3)x-(BaTiO3)1−x solid solutions sintered at 1103 K.
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these discrepancies may be due to the preparation 
method. It may be added that the remnant magneti-
zation 0.5 emu/g corresponding to   2.7 × 10−2 
B/f.u. measured for our solid solutions is almost an 
order of magnitude higher than that from literature 
(0.08 emu/g) [10]. Moreover, coercivity  400 kA/m 
(5 kOe) is signifi cantly higher than that measured 
for typical (BiFeO3)x-(BaTiO3)1–x solid solutions 
(1.3–3.4 kOe) [7]. 
Conclusions 
XRD, MS, and VSM techniques indicated the 
relationship between the content of BiFeO3 
and the magnetic properties of the investigated 
(BiFeO3)x-(BaTiO3)1−x solid solutions. Decrease of 
BiFeO3 concentration causes structural transforma-
tion from rhombohedral to cubic symmetry. The 
decreasing of the average hyperfi ne magnetic fi eld 
as well as macroscopic magnetization was observed 
with x decreasing. This refl ects the weakening of the 
inherent strength of the magnetic interactions and 
increasing disorder in magnetic moments arrange-
ment. The structure and magnetic properties of the 
investigated materials for a given x value are very 
similar despite the different sintering conditions. 
Thus, the third variant of the synthesis process in-
volving the temperature rising of 100 degrees seems 
to be the most effi cient one due to the signifi cantly 
shorter time of the samples preparation. 
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